Homologous DNA probes with a variable degree of repetitivity were used to identify the precise relationships between isolates belonging to the pinewood nematodes. Southern blot hybridization patterns obtained with genomic DNA from 13 geographical isolates confirm the existence of a B. xylophilus group and a B. mucronatus group within these pinewood nematodes. With these probes we were also able to discriminate between geographical isolates. The results clearly indicate the existence of three geographical subgroups in the B. xylophilus species: the United States, Canada and Japan with a close relationship between the USA and Japanese isolates. This supports the hypothesis that the B. xylophilus isolate, which was introduced into Japan, originated from the USA. Furthermore, these probes clarify the taxonomic status of a Minnesota isolate found on Abies balsamea and of the French and Norwegian isolates of pinewood nematodes. The nature of the isolated sequences is also discussed.
Introduction
Bursaphelenchus xylophilus (Steiner & Bührer, 1934; Nickle, 1970) , is the causal agent of pine wilt disease (Kiyohara & Togushige, 1971 ), one of the major conifer diseases in the world, particularly in Japan. It seems to have been introduced from North America and probably from the United States where it is present but non-pathogenic on native pines. This nematode has also been reported from parts of Canada (Anonymous, 1986) andChina (Li, 1983) .
Difficulties have arisen with respect to the precise identity of some isolates of B. xylophilus and of a closely related species B. mucronatus, which was described from Japan (Mamiya & Enda, 1979) and found in Europe (Baujard et al., 1979) . This second species is not pathogenic on pines under field conditions and only differs from B. xylophilus by the presence of a mucron on the female's tail.
Morphological and biometrical characters of these two species are variable and do not clearly identify the different isolates. Furthermore, interbreeding between isolates from different species produces fertile off-this group of similar nematodes associated with conifers is referred to as 'the pinewood nematode species complex' or PWNSC' (Wester et a!., 1990) .
A third species, B. fraudulentus Rhüm (1956) is morphologically identical to B. mucronatus but is reproductively isolated from the other two species (M. Schauer-Blume, personal communication) . It would seem appropriate to consider these three species as members of a supraspecies (De Guiran & Bruguier, 1989) . Pathogenic and non-pathogenic isolates exist in the complex (Kiyohara & Bolla, 1988) but differentiation between them is difficult because of the limited discriminatory power of the taxonomic characters and of the pathogenicity tests generally conducted on pine seedlings.
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Obviously, the availability of only one morphological character is insufficient to identify the different isolates of pinewood nematodes as B. xylophilus or B. mucronatus and to detect the pathogenicity of these isolates. Enzyme electrophoresis was therefore used first to characterize the different species (De Guiran et a!., 1985) . They failed to solve the problem because of the strong conservation of proteins between closely related taxa and of the modification of their expression by environmental factors. Nucleic acid techniques have been used successfully to distinguish some species within Drosophila (Dowsett & Young, 1982; Williams et al., 1985) , Typanosoma (Majiwa & Webster, 1987) , Caenorhabditis (Enimons et al., 1979) , Meloidogyne (Curran et a!., 1986) , Heterodera (Radice et a!., 1988) and Globodera (Burrows & Perry, 1988; Kalinski & Huettel, 1988; De Jong et a!., 1989; Burrows, 1990) . Recently, Webster et al. (1990) have begun to show some of the relationships in the pinewood nematode species complex using homologous ribosomal probes, and , using a heterologous probe of unc-22 DNA from Caenorhabditis elegans, clearly indicate a taxonomic difference between isolates in B.
xylophilus, B. mucronatus and B. fraudulentus, in indicates the ability to produce fertile offsprings and ( -) the intersterile crossings. The B. fraudulentus species is reproductively isoküed from the two other species. agreement with those obtained by Webster et al. (1990) . Nevertheless, the number and nature of probes used until now remains limited and does not give an overall view of the genome.
To achieve a better understanding of relationships between isolates of these three species and in order to begin to characterize the genomic DNA, we isolated different homologous DNA probes from a Japanese isolate of B. xylophilus and analysed their hybridization patterns in order to gain a more precise evaluation of the inter-and intraspecific relationships in the PWNSC.
Materials and methods

Nematode isolates
Thirteen isolates of Bursaphelenchus spp. were used in this study. The names and the geographical origins of these isolates are listed in Frozen nematodes were ground with a pestle and mortar in liquid nitrogen and DNA was extracted from the resulting powder by a phenol/chloroform procedure followed by ethanol precipitation (Maniatis et a!., 1982) .
Cloning strategy Two micrograms of genomic DNA from B. xylophilus (isolate J10) were digested to completion with EcoRI (Boehringer Mannheim) and ligated with 5 ug of the lambda cloning vector 2gt10 in the EcoRI site. The ligation mixture was used to transform the competent E. coli strain C600 (Maniatis eta!., 1982) .
Isolation of homologous DNA probes
Screening of the Bursaphelenchus library was done using the nick-translated genomic DNA from the B. xylophilus J10 isolate (Rigby et a!., 1977) . Recombinant clones that gave a positive signal to the genomic probe were isolated and purified by a second screening. Following amplification, phage DNA was extracted as described previously (Maniatis eta!., 1982) .
Electrophoresis, Southern blot, labelling and hybridization procedures
Genomic DNA of the 13 isolates and phage DNA was digested to completion using restriction endonucleases (Boehringer Mannheim), as recommended by the manufacturer. Electrophoresis of digested DNA samples and processing for transfer to nylon membranes were done following standard procedures (Smith & Summers, 1980) . Homologous DNA probes were radioactively labelled with 32P by a random oligonucleotide primer method (Feinberg & Vogelstein, 1983) . Hybridizations were conducted overnight under high stringency conditions at 65°C (Maniatis et a!., 1982) . After hybridization, filters were washed at 65°C
for 2 h in 2 x SSC-0,1 per cent SDS and then for a further 2 h in 1 X SSC-0,1 per cent SDS. After posthybridization, filters were exposed to X-ray film with intensifying screen at -80°C.
Results
Among clones of variable repetitivity (defined by the hybridization signal intensity to the genomic probe), five clones chosen at random were amplified. Phage DNA was extracted, digested with EcoRl, 3 ). Thirty to 50 bands present throughout the smears exhibit important variable positions. For example, no common bands exist between 0.9 and 0.5 kb in the American B. xylophilus isolates, however, a lower polymorphism exists in Canadian and Japanese B.
xylophilus isolates. In the three B. mucronatus isolates the polymorphism observed is also very high (Fig. 3) , so it is difficult to discriminate between isolates with this probe because of the great number of bands exhibited. The B. fraudulentus isolate fails to hybridize with the 2B x S17.2 probe, whereas separation between B. xylophilus and B. mucronatus isolates is clear with various isolate-specific bands. The 1.9-kb EcoRIHindifi band characterizes the B. xylophilus group even though the 0.65-kb EcoRl-Hindlil band is only specific for American and Japanese isolates (Fig. 4) . Identification of the different American B. xylophilus isolates is also possible. Characteristic EcoRl-Hindlil Table 2 Size and repetitivity in the genome of the five homologous DNA probes isolated in this study. Repetitivity of these sequences is determined by the intensity of their hybridization signal to the genomic probe as follows: (+ ) to (+ + + + ) increasing relative intensity of hybridization; isolate; 15-, 12-and 1-kb fragments for US 10 isolate; 0.9-kb fragment for US1 1 isolate; 1.1-and 0.8-kb fragment for US15 isolate (Fig. 4) . In the B. mucronatus species, the French and Norwegian isolates display similar profiles but the absence of the 3.5-and 1.4-kb EcoRl-Hindlil bands differentiates the French isolate from the Norwegian isolate. The Japanese isolate displays a very different pattern with specific 4-and 1.8-kb EcoRl-Hindill bands (Fig. 4) .
The low repetitive 2B x S7.2. 1 probe hybridization patterns indicate the same results as those obtained with the )B x S17.2 probe. As for the above probe, in the B. xylophilus species Canadian isolates lack the 0.9-and 0.8-kb EcoRI-HindilI bands with regard to the American and Japanese isolates (Fig. 5) . American isolate-specific EcoRI-HindIll bands are also present, e.g. 4-kb fragment for US4 isolate; 4.1-and 3.4-kb fragments for US9 isolate; 1.7-kb fragment for US1O isolate; 15-, 12-and 6-kb fragments for US11 isolate; 23-and 3.6-kb ftagments for US15 isolate. In the B. mucronatus group, French and Norwegian isolates are closely related (common 1.6-, 1.5-and 1.3-kb EcoRlHindlil bands) and differ largely from the Japanese isolate. In this case hybridization with the B. fraudulentus isolate exists and a 1.8-kb EcoRl-Hindill band is visible in all isolates of the three species. The less repetitive )B x S11.2 probe exhibits hybridization with all isolates but weakly with the B.
fraudulentus (Fig. 6) . The absence of the 1-kb BamHIHindill band clearly identifies the Canadian isolates in the B. xylophilus species (Fig. 6 ). In the B. mucronatus group the 0.9-kb BamHI-HindIII band is common to the French and Norwegian isolates but absent from the Japanese isolate.
Discussion
Analysis of genomic DNA hybridization patterns using homologous DNA probes allows us to segregate clearly the different isolates in three groups belonging to the three species. This result is in agreement with those obtained by Webster et al. (1990) In the B. xylophilus group, all probes evidently show three distinct subgroups: an American, a Canadian and a Japanese. Closely related hybridization patterns of the American and Japanese B. xylophilus isolates, with the 1.B x S17.2, ,B x S7.2.1 and )B x S11.2 probes, show their genetic affinities with the common 0.65-kb EcoRl-HindIll band, 0.9-and 0.8-kb EcoRI-HindIll bands and 1-kb BamITl-HindllI band, respectively. Therefore in B. xylophilus, Japanese isolates seem to be closer to the USA than to the Canadian isolates. This observation supports the hypothesis that a B.
xylophilus isolate reached Japan from North America (De Guiran & Bruguier, 1989) , probably from the United States but not from Canada.
The hybridization patterns of the Minnesota isolate (US1O) with the 1.B x S7.2.1 and )B x Si1.2 probes is obtained with the Japanese isolate are very different from the two others with most of the probes. This is in agreement with the 'circle of species' hypothesis (De Guiran & Bruguier, 1989) which indicates that an original stock was in existence before the separation of the Eurasian and North American plates, which began during the Upper Cretaceous. The result is the existence, in Japan and North America, of two intersterile species, B. mucronatus and B. xylophilus, which have retained breeding compatibility with the original parent stock of Western Europe. These species present at both extremities of the circle are unable to cross, whereas mating is possible between more or less adjacent isolates. In the present case, the circle has been closed by the probable introduction, by man, of a North American isolate into Japan. Thus the Japanese isolate of B. mucronatus at one extremity of this 'circle of species' could be at the end of its speciation constituting the prototype of the B. mucronatus species.
The weak or non-existent hybridization of the B.
fraudulentus isolate with all these homologous probes confirms that this species is not a member of the PWNSC. This has already been noted by the different biotopes and the absence of mating between this species and the species of PWNSC. Nevertheless we observed hybridization of the B. fraudulentus isolate with the )B x S7.2.i and .%B x Si 1.2 probes. These two weak repetitive fragments seem to be highly conserved DNA sequences between nematode taxa. They are more conserved than the strong repetitive sequences represented by )B x S17.1, )B x S17.2 and )LB x S18.2.1 probes.
The %B x S17.1 probe displays a 'smear' type hybridization pattern with about 50 bands superimposed. The presence of these supernumerary bands in variable positions could be explained by some genomic regions preferentially enriched with this sequence. This could also be explained, however, by the distribution of this sequence throughout the genome at variable positions in each nematode of the isolate but with some common bands present in all individuals. Thus, the )B x Si 7.1 hybridization pattern (Fig. 1) indicates that this sequence could contain a minisateflite sequeice. With such a sequence we could proceed to individ1al characterization but difficulties arise with DNA extraction from just one nematode. Its repetitive nature, however, might reveal important information concerning the evolutionary mechanisms thought to shape genomes (Brutlag, 1980; Dover, 1982) . The )B x Si 8.2.1 probe shows considerable variability of the banding pattern (Fig. 2) . We observed a high variability between the American isolates of B. xylophilus and between the Norwegian and French isolates which belong to B. mucronatus species. In this last case with this probe, we note a very high polymorphism throughout the genome pattern while a great similarity was observed with all other probes used. This kind of high polymorphic pattern in closed, related, isolates of species could indicate that the x S18.2.i probe is a part of mobile element. Further testing is needed to confirm this hypothesis, firstly by determination of the nucleotide sequence and secondly by isolation of the entire element copy. Nevertheless, homologous sequences of the transposable Tc3 element from Caenorhabditis elegans have been detected in the Bursaphelenchus genus , showing the existence of mobile elements in species of PWNSC.
Isolation of these probes contributes to the characterization and organization studies of the genome of Bursaphelenchus. However, isolation of homologous DNA probes and analysis of genomic DNA must undergo further testing to develop easier identification of pathogenic isolates. Nevertheless, these homologous DNA probes improve the identification of natural isolates by a clear separation of isolates in three groups and by the presence of visible species-and isolatespecific bands.
